Season-induced variation in fatty acid and cholesterol composition in bovine semen has been associated with semen quality. Given the specific roles of the various semen compartments (seminal fluids, sperm head, and sperm tail) in fertilization, we hypothesized that environmental-stress-induced alterations in the lipid composition of a specific compartment might impair semen quality and sperm function. Semen samples were collected from five mature Holstein-Friesian bulls during the summer (August to September) and winter (December to January). Semen was evaluated by computerized sperm-quality analyzer, calibrated for bulls' semen, and centrifuged to separate the spermatozoa from the seminal fluids. The spermatozoal fraction was sonicated to separate the sperm head and tail compartments. Cold lipid extraction was performed with chloroform:methanol (2:1, vol/vol). Lipids were identified and quantified by gas chromatography. Seasonal variation was found in both physiological and structural parameters. The proportion of spermatozoa defined as morphologically normal was higher in the winter, with higher motility, progressive motility, and velocity relative to summer samples. Lipid composition within fractions varied between seasons with prominent impairment in the tail compartment, characterized by high saturated fatty acid, low polyunsaturated fatty acid, and low cholesterol concentrations during the summer. Given the association between alterations in lipid composition and reduced sperm motility and velocity during the summer, it is suggested that lipid composition might serve to predict sperm quality.
Introduction
The season in which bovine semen is collected is associated with semen quality (Menendez-Buxadera et al. 1984) . Exposure to environmental thermal stress increases the proportion of morphologically abnormal spermatozoa and attenuates sperm motility in sheep (Ibrahim 1997 , Gundogan & Elitok 2004 , decreases total sperm count in ejaculates and reduces fertility in humans (Levine 1999 , Sinclair 2000 , and decreases sperm viability in cattle (Meyerhoeffer et al. 1985 , Ax et al. 1987 , Argov et al. 2007 . The molecular and structural mechanisms underlying these alterations remain unclear.
Traditionally, physiological characteristics of sperm, such as sperm concentration, morphology, and motility, have been used to evaluate semen quality. Sperm concentration is considered a weak predictor, whereas sperm motility is highly associated with fertility competence (Comhaire et al. 1987) . Computerized instruments such as the computer-assisted semen analyzer (Verstegen et al. 2002) and the sperm-quality analyzer (SQA; Rodriguez et al. 2011 ) are used to evaluate semen quality. The computer-assisted semen analyzer provides sperm velocity and motility parameters analyzed from multiple digital images of sperm tracks. The SQA converts signal variations in optical density into electronic signals that are translated into sperm physiological parameters. Although widely used to evaluate semen quality, physiological parameters are limited in predicting semen fertilization capacity (Comhaire et al. 1987 , Roudebush & Diehl 2001 , Argov et al. 2007 , Lewis 2007 . For example, a subjective evaluation of semen collected from fertile men revealed that 54.9% of the individuals had a lower value in at least one parameter than the minimal values established by the WHO (de los Rios et al. 2004) . Additional evaluation methods and markers are therefore suggested, such as plateletactivating factor (PAF). The concentration of this phospholipid mediator was positively associated with fertility in boar (Roudebush & Diehl 2001) , and its activity was positively correlated with sperm motility in men (Zhu et al. 2006 ). An additional indicator for sperm quality is its mitochondrial DNA content, as determined by its gene ratio to b-globin using real-time PCR, which was shown to be associated with abnormal sperm characteristics in infertile human patients (May-Panloup et al. 2003) .
In a previous study, we showed seasonal variation in fatty acid and cholesterol composition in both sperm membrane and seminal fluids (Argov et al. 2007) . For example, semen collected during the summer had reduced levels of arachidonic acid (20:4), and polyunsaturated fatty acids (PUFA) in the cell compartments, and reduced cholesterol and fatty acid concentrations in the seminal fluids. Such alterations in lipid composition might explain, in part, the high sensitivity of semen collected during the summer to cryopreservation and its reduced motility and progressive motility (PM) following the freeze-thaw process (Orgal et al. 2012) . Nevertheless, information about a seasonal effect on a wide range of fatty acids in the sperm is still lacking. Moreover, given the specific role of each semen compartment (seminal fluids, sperm head, and sperm tail) in fertilization (Ahluwalia & Holman 1969 , Zalata et al. 1998 , we hypothesized that environmental-stress induced alterations in the lipid composition of a specific compartment might impair semen quality and sperm function. A relatively low proportion of cholesterol and high proportion of PUFA in the sperm head are suggested to improve the capacitation process and the acrosome reaction (Lenzi et al. 2000 , Furland et al. 2007 . The lipid profile in the sperm tail membrane is associated with physical properties that facilitate sperm motility and velocity (Connor et al. 1998) . Antioxidant (Lenzi et al. 2000 , Strzeżek et al. 2004 and cholesterol contents in the seminal fluids (Huacuja et al. 1981 , Morales et al. 2008 , Saez et al. 2011 , as well as cholesterol acceptors that facilitate cholesterol efflux from the sperm during capacitation (Saez et al. 2011) , positively affect sperm quality.
This study examines lipid composition in the sperm functional compartments (seminal fluids, sperm head, and sperm tail). In particular, the study aims to determine whether lipid composition is differentially modulated by season, whether lipid composition among the semen compartments is associated with sperm physiological parameters, and if so, whether lipid composition can be used to evaluate semen in vitro physiological parameters. 
Semen physiological parameters
The physiological parameters of semen collected during the summer and winter are shown in Fig. 1 . Sperm concentration was lower in winter than in summer (P!0.02), but the proportion of spermatozoa defined as morphologically normal was higher (P!0.02). The motility, PM, and velocity of spermatozoa were higher in the winter than in the summer samples (P!0.02). The average volume of ejaculates did not differ (PZ0.79) between seasons: 8.67G0.49 and 8.24G0.48 ml for winter and summer samples respectively. The total sperm number per ejaculate did not differ (PZ0.53) between seasons and was 8950G905!10 6 and 10 435G2169
!10 6 for summer and winter samples respectively.
Fatty acid composition in the sperm compartments
Fatty acid compositions of semen samples and their functional compartments (seminal fluids, intact spermatozoa, heads, and tails) in both summer and winter are presented in Table 1 . The concentrations of six major fatty acids varied between seasons. In general, the proportion of docosahexaenoic acid (DHA, c22:6n3) was about 30% of the total fatty acids in semen samples in both seasons. However, DHA content in intact spermatozoa was higher (P!0.001) in summer than in winter, whereas in the tail compartment, DHA content was lower (P!0.01) in summer than in winter. Content of the PUFA eicosapentaenoic acid (EPA, c20:5n3) in the intact spermatozoa was approximately fivefold higher in winter than in summer (P!0.001). EPA content in the seminal fluids was fourfold higher in winter than in summer (P!0.001), whereas in the tail compartment, it was twofold lower in winter than in summer (P!0.001). Arachidonic acid (c20:4n6) content in both intact spermatozoa and seminal fluids was higher in summer than in winter (P!0.001 and 0.01 respectively). On the other hand, the relative concentration of arachidonic acid in the tail and head compartments did not differ (PZ0.53) between seasons. The proportion of palmitate (c16:0) in the semen compartments ranged between 16 and 37% of total fatty acids. Relative palmitate concentration in the tail compartment was 10% higher in summer vs winter samples (P!0.001). Myristic acid (c14:0) content in intact spermatozoa was 5% higher in winter than in summer (P!0.01) but did not differ between seasons in the other semen compartments (PZ0.09, 0.58, and 0.8 for tail, seminal fluid, and head compartments respectively). Fatty acids were grouped according to their biochemical characteristics to gain an understanding of the cellular functionalities of specific fatty acid compositions (Fig. 2) . Concentration of saturated fatty acids (SFA) in both intact spermatozoa and seminal fluids was lower (P!0.0001 and PZ0.008 respectively) in summer than in winter, whereas in the tail compartment, it was higher (P!0.0001) in summer than in winter. The composition of monounsaturated fatty acids (MUFA) was lower (PZ0.0049) in summer than in winter in the tail, whereas in the seminal fluids and intact spermatozoa, MUFA concentration was higher in summer. The proportion of PUFA in both intact spermatozoa and seminal fluids was higher (P!0.0001 and PZ0.003 respectively) in summer than in winter, whereas in the tail compartment, it was lower (PZ0.0006) in summer than in winter. The concentrations of omega-6 and omega-3 PUFA subfamilies in the tail compartment differed between seasons ( Fig. 3) , with lower concentrations of omega-6 (PZ0.0054) and omega-3 (PZ0.0007) in the summer compared with winter samples. While non-significant, numerical differences in omega-6 and omega-3 concentrations were found between seasons in the intact spermatozoa, with a higher proportion in summer than in winter. Nevertheless, the ratio between omega-6 and omega-3 fatty acid concentrations did not differ (PZ0.13) between seasons.
Indicators of elongation and desaturation activity
The indicator value for palmitate desaturation activity was higher (P!0.001) in the seminal fluids whereas that for stearate desaturation was higher (P!0.003) in the head compartment in summer compared with winter (Fig. 4) . On the other hand, elongation activity values were consistently higher in the tail compartment in the winter compared with the summer samples. The activity indicator values of palmitoleate (c16:1n7), stearate (c18:0), and oleate (c18:1n9) in the tail compartment were higher in winter than in summer (PZ0.04). Elongase activity indicator values in the seminal fluids were higher for stearate (PZ0.0006) in winter compared with summer. The oleate elongation activity indicator value for seminal fluids did not (PZ0.34) differ between seasons. The elongation activity in intact spermatozoa differed between seasons, with higher indicator values for stearate and lower ones for oleate (PZ0.0006 and 0.03 respectively) in winter. Activity indicator values in the head compartment were higher (PZ0.03) for oleate in winter.
Seasonal variations in cholesterol concentrations in semen functional compartments
Cholesterol concentrations in summer and winter samples are presented in Fig. 5 . In both intact spermatozoa and seminal fluids, cholesterol concentration was higher (PZ0.008 and 0.0001 respectively) in the summer vs winter samples, by fourfold in the seminal fluids. The tail compartment in the winter samples was richer in cholesterol than the corresponding summer samples (PZ0.01).
Correlations between physiological parameters and lipid profile
The association between physiological parameters and lipid profiles of the functional semen compartments was determined by correlation analysis. In general, more correlations were found between the physical properties and lipid composition in the intact spermatozoa. Due to the large amount of data, only the main findings are presented in Table 2 , showing positive or negative correlations for each of the examined compartments (intact spermatozoa, seminal fluids, sperm tail, and sperm head).
Desaturase activity markers negatively correlated with motility, velocity, and motile sperm concentration (MSC) in the intact spermatozoa (PZ0.006, 0.005, and 0.03 respectively) in the summer samples. In general, MUFA concentration was associated with motility features in summer samples. In particular, MUFA concentration negatively correlated with motility and PM in the tail compartment and with motility, MSC, progressive MSC (PMSC), and velocity in the intact spermatozoa. Omega-6 in the seminal fluid negatively correlated with velocity in both summer and winter (PZ0.05 and 0.04 respectively). PUFA concentration tended to positively correlate with motility and velocity (PZ0.06) in the intact spermatozoa in summer samples. The total sperm number per ejaculate negatively correlated with MUFA (PZ0.003) in the intact spermatozoa in the winter samples and tended to positively correlate with omega-6 (PZ0.08) in the head compartments of winter samples.
Discussion
Seasonal variations in sperm quality have been well studied. However, while most of the studies focus on physiological and morphological alterations, seasonal effects on semen lipid profile and their association with sperm physiological properties are rarely discussed. Herein, we compared the composition of a wide range of fatty of acids and cholesterol concentration in Holstein-Friesian bull semen collected during the summer and winter. Findings indicated that semen functional traits vary between seasons in association with alterations in lipid composition. An illustration of composition based on the fatty acid profile, rather than on total extracted fat, revealed differential alterations in lipid composition among the sperm compartments. A prominent effect was found on the lipid composition of sperm tails in association with sperm motility. It should be noted that seasonal effects on lipid composition in the sperm might include different nutrition and feed contents; however, this is not the case in the current study as bulls were fed the same standard feed in both summer and winter. Nonetheless, seasonal alterations in food intake, digestion, and absorption cannot be ruled out. These parameters were not examined, as they were beyond the scope of this study. Analysis by SQA-Vb revealed that the semen collected during the winter is of higher quality than that collected during the summer, at least according to the in vitro parameters: sperm motility, PM, and velocity, as well as the proportion of cells with normal morphology. A similar reduction in sperm motility during the summer (July and August) was reported by Argov et al. (2007) and was associated with increased proportion of rejected ejaculates (sperm motility index !70). In the current study, sperm concentration was higher in summer vs winter samples, in contrast to results reported by Mathevon et al. (1998) . The association between sperm quality and concentration has yet to be determined.
Given the limitations of morphological characterizations in determining sperm quality and predicting fertilization success, additional factors are required for better evaluation. Lipid composition of spermatozoa and seminal fluids plays a significant role in male fertility (Tavilani et al. 2006 , Wathes et al. 2007 . In bovines, seasonal variations in total lipid and cholesterol concentrations in spermatozoa are associated with reduced sperm motility (Argov et al. 2007) . In rams, seasonally reduced sperm motility was associated with total lipid and cholesterol concentration in the seminal fluids (Gundogan & Elitok 2004) . As the sperm tail is the functional compartment that determines motility and velocity parameters, it is reasonable to assume that seasonal variation in the lipid composition of this compartment will correlate with its function. The findings of the current study support this assumption: the most significant seasonal variations in lipid Semen samples were collected during the winter (gray bars) and summer (black bars). Seminal fluids and spermatozoa were isolated and spermatozoa were further fractionated into tails and heads. Fatty acids were grouped according to the position of the first double bond from the methyl end of the fatty acid molecule. For each compartment, omega-3 group (A) was calculated as the sum of the relative concentrations of c18:3n3, c20:5n3, and c22:6n3. omega-6 group (B) was calculated as the sum of the relative concentrations of c18:2n6, c18:3n6, c20:4n6, and c22:4n6; (C) omega-6:omega-3 ratio. Data are meanGS.E.M. **P!0.01, ***P!0.001. composition were observed in the tail compartment rather than in the intact sperm or sperm head. Nonetheless, the seminal fluid compositions of the fatty acid biochemical groups also differ extensively between seasons and principally showed opposite trends than those found in the tail, in particular, that of saturated, monounsaturated, and polyunsaturated. These opposite trends could be attributed to the fact that seminal fluids provide the spermatozoa with various energy and structural molecules (Lenzi et al. 1996 (Lenzi et al. , 2000 . Moreover, while the tail compartment expressed an opposite pattern than that of the intact spermatozoa, the intact spermatozoa composition seemed to correspond to that of the seminal fluid. Although not clear enough, these findings might reflect a mechanism for directing lipid constituents to the various cell compartments that is specifically compromised by season. Alternatively, the differences between intact spermatozoa and tail compositions, and their interaction with seminal fluid composition, could be attributed to the different proportion of lipids between compartments. The proportion of fatty acids in the tail compartment differed between seasons, with a lower proportion of palmitate in the winter vs summer and the opposite pattern for DHA (22:4n6). Palmitate and DHA were found to be the most abundant fatty acids in the sperm samples, accounting for more than 40% of the total tail fatty acids, suggesting that both physical and mechanical properties of these fatty acids play a pivotal role in determining the spermatozoa's tail membrane composition. A similar positive association between DHA tail concentration, motility and flagellumbanding capacity was reported by Tavilani et al. (2007) . Taken together, season-induced alterations in the proportion of DHA in spermatozoa tails, as reported here, might explain, in part, the reduced motility and velocity recorded for summer samples.
DHA is the most abundant PUFA in spermatozoa (Poulos et al. 1973) . Approximately 95% of monkey spermatozoa DHA is located in the spermatozoa tail . Seminal fluids and spermatozoa were isolated and spermatozoa were further fractionated into tails and heads. Cholesterol concentration was determined for each of the semen compartments and normalized for 1 million spermatozoa. Data are meanGS.E.M. **P!0.01, ***P!0.001. (Connor et al. 1998) . A comparison of normozoospermic and asthenozoospermic men revealed that sperm morphology and motility are positively associated with PUFA concentration in intact spermatozoa (Tavilani et al. 2007) . Therefore, the seasonal PUFA variation in the tail compartment reported in the current study seems to be a reliable indicator of sperm motility. In particular, PUFA concentration in the tail in winter samples (i.e. highquality semen) was 10% higher than that in summer samples (i.e. inferior semen), whereas SFA concentration in winter was 15% lower than that in summer. In support of this, the concentrations of both omega-3 and omega-6 PUFA subgroups were higher in the tail compartment of winter vs summer samples. However, the omega-6: omega-3 ratio did not differ between the seasons in the tail or other semen compartments. In humans, the omega-6:omega-3 ratio is considered a major indicator of sperm quality (Safarinejad et al. 2010) . While not entirely clear, it is possible that this ratio is subject to regulatory mechanisms that are not affected by environmental changes but might change under extreme stress.
Taken together, it seems that alterations in the lipid composition of the sperm tail (i.e. high level of SFA and low level of PUFA) underlie the compromised motility of sperm during the summer. The ratio between the relative concentration of substrates and products might serve as a reliable indicator of the fatty acid flux through elongation and desaturation pathways (Zivkovic et al. 2009 ). The findings of the current study suggest seasonal variations of elongation and desaturation product distribution among the sperm compartments. The indicator values for elongase activity on palmitate (c16:0) as a substrate in the winter vs summer were higher in the sperm tail but not in the intact spermatozoa, seminal fluids, or sperm head. The indicator values for desaturase activity did not differ between the seasons in intact spermatozoa or sperm tail but were higher in the sperm heads for stearate (c18:0) in the summer. The indicator value for desaturase activity was also higher in the seminal fluids for palmitate in the summer, suggesting that the season induces changes in desaturase activity not only in the spermatozoa's cellular Sperm traits are morphology, progressive motility (PM), motile sperm concentration (MSC), progressive motile sperm concentration (PMSC), and total cell number per ejaculation and velocity. Lipid composition includes omega-6, saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and C18:1n9/C18:0.
Seasonal effects on sperm lipid composition compartments but also in the accessory sex glands (i.e. prostate, vesicular glands, and Cowper's glands) whose products play a pivotal role in seminal fluid composition. It should be noted, however, that fatty acid metabolism through desaturation and elongation pathways is dominant in tissues with active lipid metabolism (Wang et al. 2005) . Thus, the activity indicators for desaturation and elongation pathways might reflect seasonally induced alterations in fatty acid metabolism in the liver or adipose tissues or both (do Amaral et al. 2009 ) and substrate availability in the male reproductive tract, and not necessarily local processes in the reproductive system (i.e. indirect effect). In the current study, sperm motility, MSC, and PMSC negatively correlated with desaturase activity marker in the intact spermatozoa in the summer samples. While the precise site of the altered metabolism has not been established, these findings suggest a strong association between desaturation pathway and sperm motility features. Another prominent seasonal effect found in this study was the alteration in cholesterol concentration: higher levels in the intact spermatozoa in the summer relative to winter samples and the opposite pattern in the sperm tails. Cholesterol concentration has been associated with semen quality (Flesch et al. 2001 , Travis & Kopf 2002 , Haila & Tulsiani 2009 . A high cholesterol concentration in the sperm membrane has been found to reduce its fluidity (Flesch et al. 2001) . The possibility that ambient temperature may dictate the amount of cholesterol in the membrane is supported by the known biphasic response of the membrane fluidity to its cholesterol concentration at different temperatures. On the other hand, instability of membrane caused by high content of PUFA can be modulated by cholesterol (Van Hoeven et al. 1975 , Darin-Bennett & White 1997 . Moreover, while a threshold level of cholesterol is required for sperm membrane stability (Nolan & Hammerstedt 1997) , high cholesterol concentration can potentially inhibit capacitation and impair acrosome reaction (Travis & Kopf 2002 , Scharenberg et al. 2009 ). In this study, both cholesterol and PUFA concentrations were higher in the tail compartment in winter samples. It is therefore possible that an alteration in the cholesterol-to-PUFA ratio in the sperm tail is also involved in spermatozoa's reduced motility in summer. Moreover, the increased cholesterol concentration in the summer sample's seminal fluids might negatively affect the capacitation process, presumably by compromising cholesterol efflux in the spermatozoa (Flesch et al. 2001 , Travis & Kopf 2002 , Scharenberg et al. 2009 . A similar inhibitory effect of cholesterol on human sperm acrosome reaction has been reported by Khorasani et al. (2000) .
In summary, semen functional traits vary between seasons in association with alterations in lipid composition. Analysis of specific sperm compartments revealed that the sperm tail is highly sensitive to seasonal changes: while some alterations were found in the intact spermatozoa and the seminal fluid, prominent impairments in lipid composition (high SFA, low PUFA, and low cholesterol concentrations) were found in the tail compartment during the summer. Such alterations might explain, in part, the reduced motility and velocity of spermatozoa in this season. Further in vitro and in vivo studies might clarify whether the association between lipid composition and sperm physiological features reported here can also predict sperm fertilization competence.
Materials and Methods

Environmental data collection and animals
Experiments were performed at the Israeli artificial insemination center ('Sion', Hafetz-Haim, Israel) , in accordance with the 1994 Israeli guidelines for animal welfare and experimentation. Environmental data were obtained from the central meteorological station in Bet-Dagan, Israel. Semen samples were collected from mature Holstein-Friesian bulls (7.3G0.6 years of age; nZ5 per season) during the summer (August to September) and the following winter (December to January). Bulls were fed the same total mixed ration throughout the experiment, in both summer and winter, containing 7.2% (wt/wt) protein, 36.2% (wt/wt) neutral detergent fiber, 20.0% (wt/wt) acidic detergent fiber, 1.45 Mcal/kg net energy (NE L ), and 3.5 g minerals/kg (NaCl, Ca, and P) on a DM basis.
Semen collection and initial evaluation of physiological parameters
The animals were ejaculated four times a week, on Sunday, Monday, Wednesday, and Thursday. However, the examined ejaculate was collected only once a week, on Sunday (nZ5 samples per season per bull). Moreover, to eliminate any potential differences in sperm quality within serial ejaculates, samples were taken only from the first ejaculate of the collection day.
Bulls were mounted on a live teaser and semen was collected into a disposable tube using a heated (38 8C), sterile artificial vagina. The ejaculate was immediately transferred to a nearby laboratory and the semen was evaluated by the computerized SQA, calibrated for bulls' semen (SQA-Vb, Medical Electronic Systems, Caesarea, Israel) for the following physiological characteristics: volume (ml), concentration (million spermatozoa/ ml), total motility (motility, %), PM (%), morphologically normal spermatozoa (%), MSC (million/ml), PMSC (million/ml), and velocity (mm/s). As per routine procedure at Sion, samples with a concentration O650!10 6 cell/ml and motility O70% were defined as being of good quality.
Sperm handling
For each collection, 2 ml of the total collected semen volume were divided into two tubes and centrifuged (800 g) for 10 min at room temperature to separate the spermatozoa from the seminal fluids. The supernatant (i.e. seminal fluids) was collected and kept at K20 8C until further analysis. The pellet 486 N Argov-Argaman and others was resuspended and washed twice in 1 ml physiological solution (saline; 0.9% NaCl in double-distilled water, wt/wt) and centrifuged again to remove any remaining seminal fluids. The pellet from one tube was suspended in 200 ml saline and used for lipid profile analysis, and the pellet from the second tube was suspended in 2 ml saline and subjected to separation of the sperm head and tail fractions.
Separation of spermatozoa into head and tail compartments
Spermatozoa were separated into head and tail compartments as described by Zalata et al. (1998) with minor modifications. Briefly, samples were sonicated for 2 min at maximal power (Misonix Microson XL2000 Ultrasonic Processor, Cole Parmer, Vernon Hills, IL, USA). One drop of the sonicated liquid was evaluated by light microscopy (Eclipse TE2000, Nikon, Tokyo, Japan) to determine the fractionation rate (i.e. proportion of spermatozoa separated into heads and tails). A 0.5 ml aliquot of the sonicated sample was gently layered on top of a 2 ml 90% Percoll column (GE Healthcare Bio-Science AB, Piscataway, NJ, USA) and slowly centrifuged (500 g, 20 min) to separate the two compartments: the sperm tails remained as a solid layer at the top of the Percoll column and the sperm heads sedimented at the bottom. Note that while the head fraction was easily recovered, it was harder to get a tight pellet of the tail fraction, compromising recovery rates for this fraction. Eventually, both fractions were diluted in 100 ml physiological saline and held at K20 8C for further analysis.
Analysis of lipid profiles in spermatozoa, seminal fluids, sperm heads, and sperm tails
Chemicals and reagents
All solvents used for lipid extraction and analysis were of analytical grade. Methanol and chloroform were purchased from Bio-Lab Ltd. Laboratories (Jerusalem, Israel). Petroleum ether was purchased from Gadot Laboratory Supplies (Netanya, Israel) and sulfuric acid was from Bet-Dekel (Ra'anana, Israel). External fatty acid methyl ester (FAME) standards (FAME Mix C4-C24 and FAME mix C16-C22) were purchased from Sigma-Aldrich Israel.
Lipid extraction, fatty acid, and cholesterol analysis
Cold lipid extraction was performed with chloroform:methanol (2:1, vol/vol) as described previously by Argov et al. (2007) . The lipid-rich chloroform fraction was collected and evaporated under vacuum at 65 8C. The dry lipid fraction was transmethylated at 65 8C for 1 h (5% sulfuric acid in methanol, vol/vol) to generate FAME. After methylation, FAME were extracted with petroleum ether, which was also used as the injection solvent for the GC analysis. FAME separation, identification, and quantification were performed with a 6890N gas chromatograph (Agilent Technologies, Wilmington, DE, USA) equipped with flame-ionizing detector and a fusedsilica capillary column (DB-23, 60 m!0.25 mm ID, 0.25 mm film, Agilent Technologies) under the following conditions: the oven temperature was programmed from 170 to 215 8C at a rate of 2.75 8C/min, from 215 to 250 8C at 40 8C/min, and held at 250 8C for 5 min. Peak identification was based on relative retention times of the two external FAME standards. Relative concentrations of fatty acids were determined as molar percentage of total fatty acids within each sample (mol %). Fatty acids with the same chemical composition were grouped (sum of mol% values) into SFA (C8:0, C10:0, C12:0, C14:0, C16:0, C18:0, C20:0, C22:0, and C24:0), unsaturated fatty acids (USFA; C16:1n7, C18:1n9, C18:1n7, C18:2n6, C18:3n6, C18:3n3, C20:1n9, C20:4n4, C20:5n3, C22:1n9, C22:4n6, and C22:6n3), MUFA (C16:1n7, C18:1n9, C18:1n7, C20:1n9, and C22:1n9), and PUFA (C18:2n6, C18:3n6, C18:3n3, C20:4n6, C20:5n3, C22:4n6, and C22:6n3). In addition, fatty acids were grouped into omega-3 (C18:3n3, C20:5n3, and C22:6n3) and omega-6 (C18:2n6, C18:3n6, C20:4n6, and C22:4n6) fatty acids. Cholesterol concentration was determined according to an internal standard, used as a normalization factor.
Elongation and desaturation indicators
Elongation and desaturation activities were determined as the ratio between the relative concentration of substrates and the product outcomes of the desaturation and elongation pathways (Zivkovic et al. 2009 ). Indicators of desaturation were the ratios between c16:1n7 and c16:0 and between c18:1n9 and c18:0. Indicators of elongation were the ratios between c18:1n7 and c16:1n7, c20:0 and c18:0, c20:1n9 and c18:1n9, and c22:0 and c20:0.
Statistical analysis
JMP software version 7 (SAS Institute, Cary, NC, USA) was used for statistical analyses. Data are presented as meansGS.E.M. (semen volume, concentration, velocity, and lipid profile) or as percentage meansGS.E.M. (sperm morphology, motility, and PM). Outliers were defined as distant from the mean by more than two S.D. and were deleted. Outliers (one sample for each season) were excluded from the analysis only if the sample deviated from the mean in all physiological measurements (i.e. concentration, velocity, and morphology). Comparison of seasons was performed with repeated-measures ANOVA. The effects in the model were season, sampling week nested within season, and bull (random). Normality was established based on the distribution of all the residual data for each variable. Association was expressed by Pearson's correlation coefficient test; data were the means of repeated measures for each bull. Significance was set at P!0.05.
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